Establishing a realistic gas flow velocity distribution inside a cigarette filter during smoking is important to understand filtration mechanisms of different mainstream smoke species and the overall effect of filter designs on mainstream smoke composition. In this paper, an experimental method is described which directly measures the gas pressure field inside a cellulose acetate filter during cigarette smoking. This was demonstrated by using 3R4F research reference cigarettes smoked under a 35 mL puff of 6 s duration. In addition, filter temperature measurements were also carried out at multiple locations within the filter. Both the temperature and pressure sensing locations were selected to match the radial and longitudinal directions of the cigarette filter. The temperature and pressure measurements were then used to calculate the velocity according to Darcy's Law along the mainstream flow direction in the cigarette filter at each puff. The spatially resolved maps of temperature, pressure and flow velocity on a puff-by-puff basis provide useful insights into the dynamic filtration of smoke aerosol under the influence of the approaching burning coal and progressive accumulation of smoke particulate matter. [Beitr. Tabakforsch. Int. 27 (2017) 113-124] 
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SUMMARY
Establishing a realistic gas flow velocity distribution inside a cigarette filter during smoking is important to understand filtration mechanisms of different mainstream smoke species and the overall effect of filter designs on mainstream smoke composition. In this paper, an experimental method is described which directly measures the gas pressure field inside a cellulose acetate filter during cigarette smoking. This was demonstrated by using 3R4F research reference cigarettes smoked under a 35 mL puff of 6 s duration. In addition, filter temperature measurements were also carried out at multiple locations within the filter. Both the temperature and pressure sensing locations were selected to match the radial and longitudinal directions of the cigarette filter. The temperature and pressure measurements were then used to calculate the velocity according to Darcy's Law along the mainstream flow direction in the cigarette filter at each puff. The spatially resolved maps of temperature, pressure and flow velocity on a puff-by-puff basis provide useful insights into the dynamic filtration of smoke aerosol under the influence of the approaching burning coal and progressive accumulation of smoke particulate matter. Other filter designs with modified geometry and incorporating granulated charcoal are also popular in certain parts of the world. The choice of the CA fibre (cross-sectional shape and optical diameter of a single fibre filament) depends largely on the target firmness (resistance to moisture and temperature) and pressure drop (the effort applied by a consumer to draw an acceptable amount of aerosol) of the filter. The firmness of the filter is achieved by applying a small amount of plasticiser (usually triacetin or 1,2,3-triacetoxypropane, for up to 6% by weight) during the filter manufacturing process. Because smoke removal efficiency and filter pressure drop are two important and interlinked parameters in modern cigarette design, extensive research has been conducted to understand the mechanisms for both general aerosol filtration and selective chemical constituent interaction (1) . It is known that aerosol behaviour at molecular levels influences particle/aerosol interception and filtration (2) . Studies by KEITH and co-workers reveal that in filtered cigarettes, smoke aerosol particles are retained by cellulose acetate fibre via three mechanisms: interception, inertial impaction and diffusional deposition (3) (4) (5) (6) . Relatively speaking, impaction is enhanced by high flow rates (7) and larger particles, whereas diffusional deposition evokes the opposite. Interception on the other hand is relatively independent of flow rate. It is possible to predict the overall filtration behaviour of CA filter by modelling the relative contributions from these mechanisms during cigarette smoking (8) .
Cellulose acetate filters do not just remove aerosol particles by the physical mechanisms mentioned above. A significant degree of selective filtration (i.e., certain chemical classes of aerosol components are retained better than the average aerosol filtration efficiency) has also been noted, especially for the semi-volatile fraction of the cigarette smoke components such as phenolic compounds (9, 10) . This chemistryrelated filtration is thought to occur due to a portion of the smoke compounds present in the vapour phase. As the smoke passes through the filter, different degrees of chemical affinity towards the plasticiser and/or filter material by different classes of compounds cause variation in their retention. To this end, incorporating other adsorptive materials such as granular charcoal or amine-functionalised resin beads provides further opportunities to chemically interact with volatile and semi-volatile organic compounds such as aldehydes and hydrogen cyanide (11, 12) . Modern commercial cigarettes have ventilation holes through the wrapping paper surrounding the CA filter in order to dilute the mainstream smoke under puffing (1, 13, 14) . Compared to unventilated cigarettes, the chemical composition of the mainstream smoke is also affected by both, changes in the burning tip and in the smoke formation processes (15, 16) . The position of the ventilation holes and their distribution may also have a secondary influence on the filtration behaviour of the filter. Performance and efficiency of cigarette filters are often evaluated using standard machine smoking parameters (or regimes) based on comparing mainstream smoke yields of cigarettes equipped with these filter in laboratory conditions (13) . These standard smoking protocols do not represent how a cigarette might be used by a smoker (17) . Humans smoke a cigarette in a variety of different ways, only specially designed smoking machines can replicate the varied range of puffing parameters based on recorded human puffing topography. Irrespective of human or machine smoking, cigarette filters and their design features play an important role in consumer's sensory perception and the laboratory testing of cigarettes (18) (19) (20) . The effects of cigarette puffing parameters on filtration are mainly controlled by the smoke flow rate with a given filter design and are fundamentally governed by aerosol dynamics. Another aspect of the filter behaviour is that all the physical and chemical processes of smoke filtration occur dynamically, with each puff taken the filter is modified by the aerosol deposited within. The length of the tobacco rod is consumed puff-by-puff, altering the chemical composition and physical properties of the aerosol particles at the source (13, 15) . The residence time offered by a typical cigarette filter of 27 mm length varies from a few to few tens of milliseconds; fresh mainstream smoke can ?age" rapidly both physically (rapid decrease in particle concentration accompanied by growth in particle size and mass) and chemically (quenching of highly reactive species such a free radicals) as it passes through the filter. In addition, the temperature of the filter material increases gradually over time and spatially in longitudinal direction as a result of the approaching burning coal (21) . These highly interlinked chemical mass and heat transfer processes in the filter imply that the filtration mechanisms should be studied in a spatially-related way. In a recent study of this kind (22) , localised filtration of a number of volatile, semivolatile and particulate phase smoke components (e.g., ammonia, phenol, nicotine, benzo[a]pyrene, hydrogen cyanide) within a cellulose acetate filter was quantified by analysing cut smoked filter segments -small segments of the used filter were cut using a precision laser cutter to provide averaged concentrations of filtered compounds. The results confirmed that the compounds trapped or filtered by the cellulose acetate filter display different retention patterns in the used filter, suggesting spatially variable filtration mechanisms which may be linked to the flow and accumulation of the smoke condensate on a puffby-puff basis (23) . One limitation of this recent study was that it showed a final picture of the combined filtration and relied on analyses of the averaged chemical composition.
In this work, we developed a pressure micro-sensor technique to measure the local pressure distribution within a cigarette filter. We combined this technique with thermocouple-based temperature measurements and calculated the gas flow patterns within the filter during cigarette smoking in situ. We believe these data will be useful to further understand the factors influencing the chemical and physical interactions between smoke aerosol particles and the cellulose acetate filter.
EXPERIMENTAL TECHNIQUES
Pressure sensor module
A pressure micro-sensor module ( Figure 1 ) was designed to measure the pressure within a cigarette filter. The module consists of six quartz pressure sensors, each has 0.35 mm outer diameter and 0.2 mm inner diameter (it was assumed here that the effect on the measurement of pressure with the fine sensors could be ignored). They were spaced 3 mm apart and between the six pressure sensors there was a single 0.254-mm diameter thermocouple (shown as dashed line in Figure 1 ). The temperature reading from this thermocouple was used to provide an independent temperature calibration to compare the temperature and pressure measurements. The six pressure sensors were connected to a digital pressure transducer (Anhui Institute of Optics and Fine Mechanics, Chinese Academy of Sciences, Hefei, China), with a range of !2048 to +2048 Pa at 10 Hz of recording rate. Its full range accuracy was within 5%.
To conduct a pressure measurement, a test cigarette was first fixed to its holder so that its position could be read by an x-y digital micrometer (Figure 1) . A precision needle (0.5 mm diameter) was pierced through the filter wrapper at a pre-defined location to make an insertion hole to the required depth. This was repeated for all the pressure sensors and once for the thermocouple. The pressure sensor module held the sensor array together for protection and for positioning, it was driven by a micro motor (precision of 0.1 mm) and controlled by software. The first sensor on the left was inserted at 57 mm from the lighting end of the cigarette, i.e., the left edge of the cigarette filter (which is 27 mm long, see Table 1 and Figure 1 ). The width of the sensor module covered the filter length of 15mm, leaving 12 mm for the cigarette to be inserted into a smoking machine on the right (Figure 1 ). Nine radial insertion holes spaced 0.97mm apart were made in filter rod. Because of the vertical axial symmetry of the filter rod (cigarette rod horizontally positioned), only half of the cross-section was measured. Responses from all the sensors were tested to ensure that no blocking occurred during insertion. Any gaps between the wrapping paper and the sensors were sealed with a small amount of paper glue.
Temperature sensor module
The thermocouple module used in this work for temperature measurements was the same as the one described before (24, 25) . Briefly, up to eight K-type thermocouples (0.254 mm outer diameter) were loaded into a digital x-y stage for positioning and insertion (accuracy within ± 0.1 mm). A digital-to-analogue converter (Model OM-87 DAQ-USB-2401, OMEGA, Stamford, Connecticut, USA) read the temperature responses at 10 Hz and stored the data. The insertion of the thermocouples followed a similar procedure as described above for the pressure sensors. In axial direction, eight insertions spaced 2 mm apart were made from 58 to 72 mm length (defined from the lighting end) (see Figure 1) . In radial direction, five insertions spaced 0.97 mm apart, from the periphery to centre of filter were measured, and the data of 9 @ 8 locations had been acquired due to rotational symmetry of the filter rod in Figure 1 . All of the results presented in the work were averaged over four replicates (25) . All the data treatment was carried out in MATLAB (26). 
Gas flow velocity calculation
With temperature and pressure measurement, it was possible to calculate the local gas flow velocity inside the filter (27, 28) . For this purpose, the gas flow direction inside the filter was assumed to be perpendicular to the isobaric line with a tendency towards lower pressure. Quantitatively, the volumetric flow rate (Q, cm where A is the area through which the gas flows (cm 2 ), g is the impedance of the filter rod at the ambient temperature (Pa @ s @ cm -2 ) and independent of the flow direction. The impedance of a porous filter medium to a gas flow (u, cm @ s -1 ) is directly proportional to the viscosity (μ, Pa @ s) of the gas flowing through the filter, and the proportionality factor is termed permeability k [Equation 2.2], its unit is Darcy or millidarcy (mD) which is a measure of the ability of a porous medium, i.e., a CA filter rod, to transmit a fluid, such an aerosol stream. For a given gas, its viscosity (µ) is an inherent property, which increases significantly with temperature and less so with pressure. When T < 2000 K, the viscosity of a gas can be calculated by the Sutherland Law [Equation 2.8]: [2.8] where T 0 and μ 0 are reference temperature and corresponding viscosity, e.g., at an ambient condition, T 0 = 395 K, μ 0 = 1.818 @ 10 !4 Pa @ s). B is a constant depending on the variety of gases within the mixture: B = 110.4 K (29) for air. For a burning cigarette, the temperature (T) field during a puff has been previously determined (21) ; with the pressure field determined experimentally from this study, the gas flow velocity field can thus be calculated.
Puff parameter
In this study, a puff of 6 s duration was used instead of an ISO standard 2-s puff duration for taking a 35-mL puff volume (30) . This was to counter the effect of inertial flow within the porous tobacco and filter rod and to allow pressure, temperature and flow velocity to be more completely captured and represented within the duration of the puff. This inertial effect has a significant effect on the pressure measurement at puffs of 2 s duration, as illustrated in Figure 2 . Even after the end of the 2-s puff, the pressure sensed by the pressure sensor was below the ambient air pressure and it continued for at least another 2 s and represented about 16.93% of the total area under the pressure vs. time curve in Figure 2B which was taken at a time after the 2s puff had already ended (31, 32) . This tailing effect was much reduced when the 35-mL puff was taken over a 6-s duration ( Figure 2D ). Although this was a non-standard puff parameter, it was considered a useful treatment to establish a starting condition, from which further modelling may allow the extents of inertial flow on pressure and velocity to be mapped.
Experimental cigarette
The test cigarettes used in this study were 3R4F Kentucky research reference cigarette (33) , their typical dimensions and other parameters are given in Table 1 . Prior to the experiments, as-received cigarettes were conditioned at 22 °C and 60% relative humidity for at least 48 h, they were then weight-selected (within the average weight of 100 cigarettes ± 5 mg) and pressure drop selected (within the average pressure drop of 100 cigarettes ± 49 Pa) to minimize product variability. Around 30 cigarettes were selected following this procedure. For the purpose of this study, the filter ventilation holes were blocked with a tape.
RESULTS
Filter gas-phase temperature distribution
When 3R4F cigarettes were smoked under the specified puffing parameters (35 mL puff volume, 6 s puff duration, one puff every 60 s), temperature responses from five locations are shown in Figure 3 together with the 6-s puff profile. In total six puffs were taken. As Figure 3a shows, the first three puffs only caused a short temperature increase at all three locations. From the fourth puff onwards, the filter started to show a notable temperature increase at the three locations and from fifth puff, position A reached a slightly higher temperature than the other two locations. Figure 3b shows that the temperature increase coincided with the 6-s puff flow and before the puff ended the temperature started to decrease. The three locations reached significantly different temperatures as a result of the sixth puff, with the maximum temperature of position A approaching 60 °C. For the three locations in radial direction (C, D, E), similar trends were seen as a function of the puff number (Figure 3c ). Position C reached a late but higher temperature increase than the other two locations. Using the temperature measurement shown in Figure 4 , the temperature distribution over a cross-section was reconstructed to illustrate the dynamic heating of the filter as the puffing cigarette tip approached the filter end (Figure 4 ). An appreciable temperature rise was visible only for the fifth and sixth puff across the larger part of the inner filter space (Figure 4) . Furthermore, the highest temperature regions were not only located in the central region of the filter rod as the temperature also increased around the half of the filter radius.
Pressure distribution in the filter
Pressure measurements at the five selected locations are presented in Figure 5 . In Figures 5a and 5c , it can be seen that each puff induced a sharp pressure response for approximately the duration of the puff, and there was a gently decreasing trend as puff number increased, while there was a higher-pressure response in the sixth puff. This may have been be caused by smoke aerosol particles which were absorbed by cellulose acetate tow and rendered channels narrower (31, 34) . Among the three axial locations (A, B and C), peak pressure values increased from A to B to C (Figure 5b ). Across the radial direction (C, D and E), pressures at D and C were marginally higher than at E (Figure 5d ). The overall shape of the pressure profile matched the puff flow profile (Figure 3c ) very well, and the pressure reached its maximum value approximately at 3.0 s after the start of the 6-s puff. All the pressure measurements were processed and used to construct a pressure distribution map, shown in Figure 6 to provide more detailed information. In a typical porous medium such as a filter rod, Darcy's Law is satisfied while the particle Reynolds number is less than 1 (Re < 1) and the pressure contour across the radius direction should be relatively flat (27) , this was more closely followed, in the sense of radial depth, by the first puff ( Figure 6 ). The pressure contour became gradually more abrupt towards the later puffs ( Figure 6 ). In each of the pressure contours the pressure values were higher on the left side, which was likely due to the higher gas temperature. Prior to the puff being taken, the pressure field within the filter was uniform and close to ambient pressure. As the puffing flow built up, concurrent to the approaching hot burning coal, localised gas pressure variation became pronounced. 
Gas flow velocity distribution in the filter
When the above filter gas-phase temperature and pressure measurements (Figures 4 and 6 ) were combined to calculate the gas flow velocity inside the filter, a puff-by-puff resolved velocity field of the 3-s/6-s puff for six puffs were obtained and are shown in Figure 8 . The gas velocity at the five selected locations is presented in Figure 7 . It can be seen that there is less difference of gas velocity in the three axial locations (A, B and C) . The velocity at location C is a little higher than that of A and B (Figure 7a ). For the three radial locations (C, D and E), peak velocity values increased from C to E to D (Figure 7b) . On a puff-by-puff basis (Figure 8 ), all six puffs appeared to have localised higher flow velocity regions around the furthest length on the right (before entering the cigarette holder). The bulk of the central interior region experienced generally medium to low flow velocity at the 3-s puffing flow. When viewed on a single-puff basis (Figure 7) , the gradual build-up of the localised high-velocity regions on the right could be seen clearly. On the whole, the velocity distributions in Figure 8 are relatively less regionalised as compared to the temperature distribution (Figure 4) or the pressure distribution (Figure 6 ).
DISCUSSION
In a lit cigarette, each puff generates a certain amount of aerosol mass from the burning coal and the puffing flow drives the aerosol downstream into the filter. The filter parameters (cross-sectional shape of the tow and the tow weight, denier and the level of plasticiser) are designed to achieve a certain level of total aerosol retention when the cigarette is smoked under a defined machine-smoking protocol (1) . Mechanistically, the aerosol retention by the filter occurs sequentially and on a puff-by-puff basis. As the experimental results shown in this work (Figure 6 ), each puff may impact the filter in its temperature. The temperature had been increasing puff-by-puff according to the heat transfer of smoke aerosol, and the temperature of smoke aerosol had been cooling while depositing partly in CA filter, thus collectively influencing the pressure distribution. Another dynamic picture explaining the filter characteristics described in this work is the fact that the tobacco rod is consumed by each puff. The burning coal is gradually approaching the filter end as a result of smouldering and puffing (15) . Progressively a higher amount of aerosol mass is generated by each later puff and passed downstream to the cigarette filter. Figure 9 depicts the gas-flow patterns from the burning coal (28) in connection with the flow velocity obtained in this work: the point to note is that as the coal approaches the last or second to last puff, the gas flow is not uniform. The burning coal was at the closest distance to the filter, more exactly the paper burn line was ca. 25 mm away from the left edge of the filter. This undoubtedly has directly affected the aerosol flow within the tobacco rod before it reached the filter rod from one end. These factors interacted, affecting the filtration and retention of the smoke aerosol and resulted in the observed flow velocity distributions within the volume of the filter. In turn, the interaction of different classes of chemical compounds within both the particulate and vapour phase of the smoke will react differently, as has been experimentally revealed before (4, 22, 23) . The temperature measurements obtained in this work broadly agree with previously published studies (21) . When the filter temperature reaches about 60 to 70 °C it will cause softening of the cellulose acetate fibre and possible result in enhanced chemical interactions between the plasticiser and some semi-volatile compounds which otherwise would not occur to the same extent in the earlier puffs (22) . Further work is ongoing to investigate the tailing effect of shorter puffs than the 6-s puffs used in this study and to understand the effect of inertial gas flow on filtration behaviour. It is known that the amount of the smoke aerosol produced by the burning coal in an unfiltered cigarette rises approximately exponentially (35) . More detailed experimental and modelling work may be needed to identify, at a mechanistic level, the net contribution of the temperature, chemical interactions on the surface and the accumulation of smoke aerosol particles on the total filtration behaviour. (28) and that of the cigarette filter (right) in this study.
CONCLUSIONS
This paper established an experimental method using pressure and temperature micro-sensors to detect dynamic temperature and pressure responses inside a cellulose acetate filter during cigarette smoking. The combination of the temperature and pressure measurements allowed the flow velocity inside the filter to be calculated based on Darcy's Law. The methodology was applied to a 3R4F cigarette under a 35-mL puff of 6 s duration rather than the standard 2-s puff duration. This was done to minimize the inertial flow. Under such puffing conditions, the effect of the individual puffs on the gas-phase temperature, pressure and velocity maps within the 3R4F cigarette filter was established. The detailed information on pressure and flow velocity distribution provided insights on the filtration behaviour and may provide opportunities to use targeted adsorption and filtration to reduce harmful smoke components.
